TNF receptor-associated factor 6 (TRAF6) plays a key role in the regulation of innate immune responses by mediating signals from both TNF receptors (TNFRs) and interleukin-1 receptors (IL-1Rs)/Toll-like receptors (TLRs). Here, we define a new role for TRAF6 in antagonizing cell death during TNF signaling. In TRAF6-deficient 3T3 (T6 À/À 3T3) cells, TNF stimulation leads to the accumulation of reactive oxygen species (ROS), which in turn results in prolonged c-Jun N-terminal kinase (JNK) activation and accelerated cell death. Furthermore, TNF-induced p65/RelA phosphorylation as well as transcriptional activity of nuclear factor-jB (NF-jB) was significantly downregulated in T6 À/À 3T3 cells. Interestingly, TRAF6 deficiency leads to constitutive phosphorylation and inactivation of glycogen synthase kinase 3b (GSK3b). Restoration of GSK3b activity through exogenous expression of a GSK3b constitutive active form rescued cell death in TRAF6-null 3T3 cells. These data suggest a role for TRAF6 in the maintenance of cell survival by regulating GSK3b activity in TNF signaling. 
1
TNF signaling network provides a paradigm for elucidating the signaling pathways utilized by other TNF ligand superfamily members and their receptors. 2 An interesting feature of the TNF signaling network is the extensive cross-talk between cell survival and death signaling pathways that emanate from TNF receptor 1 (TNFR1). 3 Regulation of TNF signaling is complex and is achieved through multiple steps. The initial step in TNF signaling involves the binding of the TNF trimer to the extracellular domain of TNFR1 leading to the formation TNFR1 complex containing TRADD, TNF receptor-associated factor 2 (TRAF2), and RIP, which subsequently results in the activation of nuclear factor-kB (NF-kB) and c-Jun N-terminal kinase (JNK). [4] [5] [6] It is well established that activation of NF-kB serves as a primary mechanism in protecting cells from death stimuli such as TNF. 1, 3 For instance, in the absence of NF-kB activity, cellular susceptibility to TNF-induced toxicity increases, whereas forced activation of NF-kB protects from cell death.
The involvement of JNK in TNF-induced cell death represents another level of control in TNF signaling. 7 It was demonstrated that reactive oxygen species (ROS), whose production is induced by TNF, are responsible for prolonged JNK activation. 8 More recent investigations have revealed that the proapoptotic JNK signaling pathway is inhibited by NF-kB signaling.
9,10
These results collectively suggested that the cross-talk of NF-kB with other signaling pathways is critical for deciding the cellular fate, notably cell survival or death under oxidative conditions. Although the molecular mechanisms, including the role of modulators of TNF signaling, have been largely elucidated, the nature of the cross-talk between TNF-induced cell death signaling and JNK signaling pathways, most likely via regulation of NF-kB activation, is still unclear.
Tumor necrosis factor receptor-associated factors (TRAFs) have been identified as signaling intermediates for TNFR superfamily members and are known to activate transcription factors, including NF-kB, NFAT, and AP-1. 11, 12 The six known mammalian TRAFs (TRAF1-TRAF6) were classified as a gene family on the basis of a conserved TRAF domain at the C terminus, which mediates self-association and interactions with receptors and other signaling proteins. 12 TRAF family proteins also feature an N-terminal zinc-binding domain that is believed to mediate the activation of several mitogenactivated protein kinase (MAPK) kinase kinases (MAPKKKs), including TAK1, ASK1 and NIK. 13, 14 Recently, a novel member of the TRAF family, TRAF7, has been designated based on the homology of the RING and zinc finger domains with other TRAF proteins.
A unique feature of TRAF6 is that, unlike other TRAFs, it also participates in interleukin-1 receptor (IL-1R)/ Toll-like receptor (TLR) superfamily signaling. 16 In this pathway, TLR-MyD88 association activates IRAK which in turn leads to TRAF6-mediated activation of the NF-kB and MAPK cascades, 17 thereby playing an essential role in innate immune responses. A previous study has also shown that TRAF6 deficiency resulted in defects in IL-1, CD40, and LPS signaling. 18 It is therefore possible that TRAF6 functions at the central point where signals induced by the TLR and TNFR families converge. A recently published study showed that TRAF6-deficient fibroblast is sensitive to TNF in the presence of actinomycin D. 19 However, the molecular mechanisms through which TRAF6 regulates TNF signaling are completely unknown. To examine the role of TRAF6 in TNF-induced signaling, we characterized the response of TRAF6-deficient 3T3 (T6 À/À 3T3) cells to TNF. We describe a novel role for TRAF6 in TNF-induced NF-kB activation and protection from cell death.
Results

TNF induces cell death through ROS accumulation in T6
À/À 3T3 cells. TRAF2 and TRAF6 have been shown to be involved in NF-kB and MAP kinase activation mediated by TNFR1 and IL-1R/TLR, respectively. 2, 17 To explore whether TRAF6 has a role in TNF signaling, we compared the time course of cell death in T6
À/À cells, T2 À/À cells and wild-type (WT) 3T3 cells that were characterized by western blotting (Figure 1a) . As reported previously, 6, 20 T2 À/À cells were rapidly killed by TNF (Figure 1b) . Unexpectedly, T6
À/À cells also showed a heightened sensitivity to TNF (Figure1b and Supplementary Figure 1) , the level of which was comparable to that in T2 À/À cells. In the presence of cycloheximide, which prevents de novo synthesis of NF-kB-dependent cytoprotective proteins, the susceptibility of T6 À/À cells to TNF significantly increased in a manner similar to what was seen in T2 À/À 3T3 cells ( Figure 1c ). The cell death in both cases was accompanied by caspase 3 cleavage (Figure 1d ). When T6 À/À cells were reconstituted with TRAF6 full-length gene, cells were rescued from TNF cytotoxicity (Figure 1e ), suggesting that TRAF6 indeed plays a defined role of cell survival in TNF signaling. We also found that TRAF6 À/À mouse embryonic fibroblasts (MEFs) were highly sensitive to TNF-induced cell death when compared to WT cells (Figure 1f ). To further confirm the protective role of TRAF6 in other cell types, we performed a loss-of-function study in human aortic endothelial cells (HAECs) by transfection of TRAF6 small interfering RNA (siRNA). Consistently, inhibition of TRAF6 expression by siRNA significantly increased cell death after TNF stimulation (Figure 1g ), indicating that TRAF6 plays a similar role in endothelial cells as it did in fibroblasts.
Recent studies have shown that ROS function as key mediators of TNF-induced cell death. [8] [9] [10] We investigated whether TNF induces ROS accumulation in T6 À/À 3T3 cells.
WT, T6
À/À and T2 À/À cells were stimulated with TNF for 2-8 h, and the cells were subsequently incubated with a fluorescent dye, H 2 DCFDA. As shown in Figure 2a TRAF6 deficiency leads to sustained JNK activation through ROS. The rapid and transient JNK activation mediated by TNF does not normally cause cell death. 21 However, if the activity of JNK is changed from transient to persistent, cell death usually follows. 7 In fact, in the absence of NF-kB activity, TNF-induced ROS production causes prolonged JNK1 activation which in turn leads to cell death. 8, 10 Thus, we investigated whether TNF-stimulated ROS accumulation induces prolonged MAP kinase activation in T6
À/À cells. Consistent with previous reports, 6, 20 phosphorylation of JNK at 10 min was severely impaired in T2
À/À cells compared to that in WT and T6 À/À cells ( Figure 3a ). After cells were exposed to TNF for 2-8 h, activation of JNK1 was sustained in both T6
À/À and T2
À/À cells ( Figure 3b ). Similar to this finding, we also observed that siRNA to TRAF6 prolonged JNK1 activation in endothelial cells (Supplementary Figure 2) . As shown in Figure 3c , an antioxidant, BHA almost completely inhibited sustained JNK activation at 2 h in T6 À/À and T2 À/À cells. As expected, BHA only slightly inhibited JNK activation at 10 min upon TNF stimulation in T6 À/À cells. We also examined the mRNA expression level of genes, which have recently been shown to be involved in disposal of ROS 10, 22 or in antiapoptotic reaction. Ferritin heavy chain (FHC) is the primary iron sequester that counteracts the formation of hydroxyl radical (OH .
), 22 and Mn þ þ superoxide dismutase (Mn-SOD) is a mitochondrial enzyme that catalyzes dismutation of superoxide anion (O 2 À. ) into hydrogen peroxide (H 2 O 2 ). These two important genes of cellular antioxidants were highly upregulated by TNF through NF-kB activation. 10, 22 As shown in Figure 3d , their basal expression levels as well as induction levels were markedly reduced in T6 À/À or T2 À/À cells, indicating that the machineries such as FHC and Mn-SOD to maintain cellular ROS levels are compromised in the mutant 3T3 cells.
NF-jB transactivation was impaired in T6
À/À 3T3 cells. Given that the induction of FHC or Mn-SOD 10, 22 was abolished in T6 À/À cells (Figure 3d ), we next investigated whether the loss of TRAF6 results in a defect in TNF-induced NF-kB activation pathway. There was no difference in IkBa phosphorylation and degradation (Figure 4a ). Moreover, after the treatment with TNF, most p65/RelA was normally translocated into the nucleus in T6 A novel role for TRAF6 in TNF signaling K Yoon et al from TRAF2 knockout mice and in thymocytes from transgenic mice expressing a dominant-negative form of TRAF2. 6, 20 In contrast, T6 À/À cells showed no significant decrease in DNA binding of NF-kB after TNF stimulation (Figure 4c) . A previous study also showed that TRAF6 is not essential for DNA binding of NF-kB in response to TNF. 18 We next examined NF-kB-dependent gene expression by a reporter assay. After 6 h stimulation with TNF, the luciferase activity driven by NF-kB promoter was significantly reduced in T6 À/À cells compared to that in WT cells (Figure 4d ). Therefore, TNF failed to a significant extent to stimulate the NF-kB activation in T6 À/À cells, revealing that TRAF6 is required for this process.
TRAF6 is involved in cell survival through modulating GSK3b activity. It has been reported that fibroblasts lacking glycogen synthase kinase 3b (GSK3b), a kinase previously not thought to be involved in TNF signaling, show reduced NF-kB-dependent transcription. 24 However, that no defects in degradation of IkBa or nuclear translocation of p65 were seen in GSK3b knockout cells, suggesting an important role of this kinase in p65/RelA transactivation by TNF. 25, 26 Since the regulatory role of TRAF6 in TNF signaling appears to be similar to that of GSK3b, we examined the possibility that loss of TRAF6 affects GSK3b activity. We first assessed the time course of Ser9 phosphorylation of GSK3b, which results in inhibition of GSK3b activity in response to TNF. Following TNF stimulation, phosphorylation of GSK3b at 5 min increased and then gradually declined (Figure 5a ). Interestingly, we found that in the absence of exogenous TNF there was a higher basal level of Ser9 phosphorylation of GSK3b in T6 À/À cells compared to T2 À/À or WT cells. Consistent with this finding, TRAF6-knockdown endothelial cells (Figure 5b ) or T6 À/À MEFs (Supplementary Figure 5 ) also showed a higher basal level of GSK3b phosphorylation. We also evaluated the level and duration of TNF-induced GSK3b phosphorylation in T6 À/À cells and found that GSK3b shows a higher and longer lasting phosphorylation than the WT cells (Figure 5c ).
To verify that loss of TRAF6 influences abnormal hyperphosphorylation of GSK3b, TRAF6 gene was stably overexpressed in T6 À/À cells. As shown in Figure 5d , GSK3b phosphorylation level was reduced by ectopic expression of TRAF6 protein. Taken together, these results suggest that TRAF6 deficiency leads to constitutive hyperinactivation of GSK3b, which may exhibit a similar phenotype to GSK3b-null cells.
To determine whether the inactivation of GSK3b is responsible for the sensitivity to TNF stimulation observed in T6
À/À cells, we tested if overexpression of the constitutively active form of GSK3b (GSK3b-S9A: 9th serine switched to alanine) renders T6
À/À cells resistant to TNF. As À/À and T2 À/À were transiently transfected with (kB) 3 -interferon luciferase reporter and CMV-b-galactosidase plasmid. At 36 h after transfection, cells were treated with varying levels of TNF for 6 h. Luciferase activity was then measured as described in Materials and Methods. The result shown is the mean of relative luciferase activity±S.D. of at least three independent experiments, each in duplicate shown in Figure 6a , expression of GSK3b-S9A substantially reduced the number of dead cells among TRAF6-null cells after TNF treatment. Next, we examined whether expression of GSK3b-S9A rescues T6
À/À cells from the defect of TNF-mediated NF-kB activity. In the reconstituted T6 À/À cells, p65 phosphorylation and transactivation were recovered by GSK3b-S9A (Figure 6b and c) , whereas IkBa phosphorylation and degradation remained unaffected (Figure 6b ). It is well established that IL-1 signaling also leads to the activation of NF-kB. 16 Since TRAF6 is crucial in IL-1-mediated NF-kB activation, 18 it would be interesting to see whether GSK3b-S9A rescues TRAF6 deficiency in IL-1 signaling. As expected, IL-1-induced IkBa phosphorylation and degradation were severely impaired in T6 À/À cells compared to WT cells (Supplementary Figure 6) . Importantly, we observed similar defects in T6 À/À cells expressing GSK3b-S9A stimulated by IL-1, indicating that GSK3b is not required for IL-1-induced signaling but rather specific to the TNF signaling pathway. Collectively, these results show that TRAF6 acts as a positive regulator of cell survival in TNF signaling and that such a role of TRAF6 is mediated by modulating GSK3b activity.
Discussion
In the present study, we have examined the involvement of TRAF6 in the regulation of TNF-induced responses and identified TRAF6 as an intrinsic mediator of the NF-kB activity against TNF-induced cell death. TRAF6-mediated suppression of cell death involves inhibition of ROS accumulation, which in turn prevents sustained activation of the JNK pathway. Interestingly, in TRAF6-null 3T3 cells, we found strikingly enhanced phosphorylation of GSK3b. Finally, overexpression of the constitutively active form of GSK3b restores NF-kB-dependent transcriptional activity and prevents TNF-induced cell death in TRAF6-null 3T3 cells.
Although TRAF2 has been mainly recognized as a physical link between TNFR1 signaling complex and the IkB kinase (IKK) complex, 2,3 mice deficient in TRAF2 or mice expressing a dominant-negative form of TRAF2 did not show substantial defects in TNF-induced NF-kB activation. 6, 20 This implies that other TRAF family protein(s) plays a redundant role in TNFinduced NF-kB activation. Recently, it has been shown that TRAF5 in addition to TRAF2 is involved in TNF-induced NF-kB activation and protection from cell death. 23 However, significant levels of TNF-induced NF-kB activity were observed in TRAF2 and TRAF5 double knockout mice, 23 suggesting that yet another TRAF family member(s) may also be involved in mediating NF-kB activation. In this respect, even though TRAF6 has not been thought to be a component of the TNFR1 complexes, the possibility that TRAF6 may contribute TNF signaling pathway through its interaction with TRAF2 cannot be excluded. In fact, a weak interaction between TRAF2 and TRAF6 has been reported from studies based on yeast two-hybrid analyses 27 and a coimmunoprecipitation experiment. 28 It is also possible that TRAF2 and TRAF6 play a cooperative role for the optimal induction of NF-kB activity or activate distinct sets of NF-kB target genes. Recent evidences from biochemical and genetic experiments strongly suggest an essential role of p65/RelA phosphorylation in NF-kB activation. 25, 26 In this context, it has been reported that TNF-induced IKK phosphorylation of p65/RelA is mediated through the TRAF2/TRAF5-dependent pathway. 29 Our results demonstrate that GSK3b, downstream of TRAF6, targets p65/RelA for phosphorylation which enhances NF-kB transactivation potential. In other words, although TRAF2-IKK pathway mainly contributes TNF-induced NF-kB activation, TRAF6-GSK3b cascade is, in part, required for an optimal NF-kB activation.
Alternatively, TRAF6 may activate NF-kB pathways independent of TRAF2. Cells lacking TRAF2 and TRAF6 exhibit similar phenotypes, including enhanced sensitivity to TNF and ROS accumulation, the latter of which results in prolonged JNK activation and cell death. Nevertheless, our studies have shown that GSK3b phosphorylation was dramatically increased in T6 À/À cells but not in WT or T2 À/À cells. This suggests that TRAF6 regulates a distinct NF-kB activation pathway involving GSK3b unlike TRAF2. GSK3b is a ubiquitously expressed serine-threonine protein kinase that was originally identified as a regulator of glycogen synthase. 30 GSK3b is also a key component of the Wnt signaling that is known to play important roles in developmental processes, including cell-fate determination. 31 However, gene targeting of GSK3b showed no clear phenotypes in early embryonic development.
24 Surprisingly, GSK3b deficiency leads to enhanced TNF-induced cell death. There were no defects in degradation of IkBa or nuclear translocation of p65/RelA in fibroblasts lacking GSK3b, but NF-kB-dependent transcription activity was diminished. 24 Such changes are similar to what was seen in TRAF6 À/À 3T3 cells. What is the underlying mechanism of controlling GSK3b via TRAF6? The PI3K-Akt pathway, upstream of GSK3b, has been reported to function in the activation of NF-kB and cell survival. [32] [33] [34] As described above, however, GSK3b knockout or treatment with a specific inhibitor such as lithium chloride, which should mimic the phosphorylation and inactivation of GSK3b, resulted in cell death upon TNF stimulation. 24, 35 In other words, GSK3b phosphorylation represents an activity of PI3K-Akt opposite to its established prosurvival role. It can be speculated that TRAF6 may modulate the PI3K-Akt pathway which in turn regulates GSK3b activity ( Figure 7 ) in a more elaborate manner. Proper activation of PI3K-Akt may cause partial inactivation of GSK3b which somehow activates NF-kB. In contrast, hyperactivation of PI3K-Akt causes complete block of GSK3b activation, which mimics GSK3b deficiency. There might be such a threshold that the extent of GSK3b inactivation decides to switch cell survival to cell death upon TNF stimulation. This scenario is supported by the finding that the extent of PI3K-Akt activation and subsequent inhibition Figure 7 A proposed model for the role of TRAF6 in TNF signaling. TRAF2/ TRAF5-dependent pathway plays a major role in TNF-induced NF-kB activation. We propose that TRAF6 may partly contribute to the activation of NF-kB via PI3K-Akt-GSK3b cascade (1) . Alternatively, TRAF6 may regulate GSK3b by unknown mechanism(s) independent of TNF (2) . In either of the cases, if TRAF6 is deficient in cells, the proper activation of NF-kB in response to TNF is abrogated due to GSK3b inactivation, eventually leading to cell death through ROS-JNK-dependent cascade of GSK3b regulate the decision between proinflammatory and anti-inflammatory responses in TLR signaling. 36, 37 More recently, specific deletion of TRAF6 in T cells was shown to enhance the activity of PI3K-Akt signaling pathway, which implicates TRAF6 as a T-cell-intrinsic negative regulator required for the maintenance of immune homeostasis. 38 In addition, we cannot exclude the possibility that TRAF6 might not play a direct role in TNF signaling. One possible scenario is that GSK3b activity might be constitutively kept under control by TRAF6 to favor cell survival independent of TNF ( Figure 7) . In this case, if TRAF6 is deficient, GSK3b enters a hyperphosphorylated state, thereby becoming more susceptible to TNF. The precise molecular mechanism of the linkage between TRAF6 and PI3K-Akt and/or GSK3b cascades requires further investigations.
In summary, our study demonstrates a novel role of TRAF6 in positively regulating the activation of NF-kB via GSK3b. These findings further advance the understanding of the balance between cell survival and death mediated by TNF signaling.
Materials and Methods Cell culture and retrovirus infection. 3T3 cells from WT, TRAF2
À/À , and TRAF6 À/À mice, which were established in culture from E14. 5 embryos using a standard 3T3 protocol, 39 and primary MEFs from WT or TRAF6-deficient mice were maintained under standard conditions (Dulbecco's modified Eagle's medium (DMEM); Gibco, Grand Island, NY, USA, 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 U/ml streptomycin, and 100 U/ml penicillin (Gibco) at 37C, 5% CO 2 ). HAECs were purchased from Cambrex (Walkersville, MD, USA) and were cultured in endothelial growth medium (EGM2) supplemented with 2% FBS, 50 mg gentamicin sulfate, ascorbic acid, heparin, VEGF, hEGF, hFGF-B, R 3 -IGF-1 and hydrocortisone (Lonza, Walkersville, MD, USA) at 371C under 5% CO 2 . For production of retroviral particles, Plat-E cells were cultured in DMEM containing 10 mg/ml blasticidin (Invitrogen, Carlsbad, CA, USA) and 1 mg/ml puromycin (Sigma, St Louis, MO, USA). Plat-E cells were transfected with pMX-puro empty, pMX-puro-TRAF6 or pMX-GSK3b S9A expression vector using FuGENE 6 (Roche, Nutley, NJ, USA). After 48 h, viral supernatants were collected for infection of T6 À/À 3T3 cells with polybrene (10 mg/ml; Sigma). Puromycin-resistant transfectants were selected and maintained in DMEM with puromycin (3 mg/ml).
Reagents and antibodies. Recombinant murine TNF was purchased from R&D Systems (Minneapolis, MN, USA). Antibodies to phosphorylated JNK (Thr183/ Tyr185), phosphorylated p38 (Thr180/Tyr182), phosphorylated IkBa (Ser32/36), phosphorylated p65/RelA (Ser536), phosphorylated GSK3b (Ser9), JNK, p38, IkBa, GSK3b, and caspase 3 were purchased from Cell Signaling (Danvers, MA, USA). Antibodies specific for p65/RelA, TRAF6, and TRAF2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) Antibodies to b-actin and FLAG (M2) were purchased from Sigma and hemagglutinin (HA) from Roche Applied Science.
Western blot analysis. After stimulation with recombinant murine TNF, cells were lysed in 1% Nonidet P-40 lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, and protease inhibitors). The cell lysates were resolved by SDS-PAGE and analyzed by western blotting with specific antibodies.
Cell death assay. After treatment with TNF alone (30 ng/ml) or TNF in combination with cycloheximide (Sigma) for indicated time periods, cells were harvested, stained with propidium iodide (Sigma), and analyzed by a flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA, USA).
Determination of intracellular ROS production. ROS accumulation was detected as described elsewhere. 8, 22 Briefly, cells were seeded at a density of 2 Â 10 5 on a 35-cm dish and stimulated with TNF in phenol red-free media. After stimulation with TNF alone (30 ng/ml) or TNF in combination with butylated hydroxyanisole (BHA; Sigma), cells were incubated with 1 mM of 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCFDA; Molecular Probes, Eugene, OR, USA) for 30 min prior to harvest. Cells were then assessed by flow cytometry using the CELLQuest program (BD Biosciences).
Quantitative real-time-PCR analysis. Expression levels of mouse FHC and Mn-SOD were determined by quantitative real-time (RT)-PCR using predesigned gene-specific TaqMan PCR probe and primers purchased from Applied Biosystems. Eukaryotic 18S rRNA (Applied Biosystems, Foster City, CA, USA) was used for normalization. PCR was performed using the TaqMan universal PCR master mix. Signal detection of cDNA amplification was assessed by an Applied Biosystems 7000 Sequence Detection System (ABI Prism 7000 SDS Software v1.1).
Electrophoretic mobility shift assay. Preparation of nuclear extracts from stimulated or unstimulated cells by TNF was described previously. 20 The nuclear extracts were incubated with 2 mg of poly dI-dC for 10 min, and labeled double-stranded oligonucleotide probe was then added for 30 min at room temperature. The reactions were analyzed by electrophoresis on 5% nondenaturing polyacrylamide gel followed by autoradiography. Double-stranded, NF-kB-specific oligonucleotide probe containing the two tandemly repeated NF-kBbinding sites (5 0 -TTGTTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGGC GTGG-3 0 ) was used. For the supershift assay, the nuclear extracts were incubated with p65/RelA-specific antibody for 30 min before addition of the labeled probe.
Luciferase assay. Cells (3 Â 10 5 cells per well) were plated onto a six-well plate 1 day prior to transfection. Lipofectamine 2000 (Invitrogen) was used as the transfection agent following the manufacturer's instructions. Each transfection was carried out using an equal amount of total DNA by adding appropriate amount of the control vector, pcDNA3.1 (Invitrogen). After 36 h, the cells were exposed to TNF for 6 h before harvest. The whole-cell extracts were then prepared for the luciferase assay. The luciferase activity was measured using the Luciferase Assay System (Promega, Madison, WI, USA) and normalized relative to b-galactosidase activity as described previously. 20 The data are obtained from three independent experiments and presented as the fold increase in luciferase activities (means±S.D.) relative to the control.
RNA interference. siRNA duplexes specific to human TRAF6 (CCACGAAGAGAUAAUGGAUdTdT and the complementary oligonucleotide) were synthesized by BIONEER (Dajeon, Korea). The nonspecific siRNA duplex derived from green fluorescent protein (GFP) was used as a control. HAECs were transiently transfected with TRAF6 siRNA or GFP siRNA duplexes using Oligofectaminet reagent following the manufacturer's instruction (Invitrogen).
Data analysis. Data are presented as means plus or minus S.D.s from at least three independent experiments. Statistical significance was determined using oneway analysis of variance followed by the Student's t-test. The phosphorylation of GSK3b or p65 was determined using the software, Science Lab Image Gauge V4.0 (Fujifilm).
